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Abstract 
Identifying a problem and attempting to solve it has been regarded as the main stimulus for scientific research. In the solving 
process, conceptual variations can occur through which scientific knowledge (theories, methods and languages) evolves. This 
scheme can be applied to the teaching of chemistry. Solving problems as a learning strategy involves rethinking the problems to 
be similar to learning problems. In this paper, we discuss and illustrate the contributions of S. Toulmin regarding the formation of 
scientific knowledge as a model that can inspire the design of problems to enable learning during chemistry classes. 
1. Introduction 
Problem solving is a common activity in chemistry class, and a large part of the teaching-learning time is devoted 
to it. The importance of problem solving is significant from various perspectives. Problem solving has been included 
in official academic curricula as a scientific procedure on an identical level as observation and experimentation. 
Problem solving also plays a remarkable role in textbooks, in which the presence of exercises and problems is 
significant. There are even specialised manuals and volumes entirely dedicated to the resolution of problems 
(particularly at the secondary and university levels). Various studies have shown in their results that according to 
science teachers, problems constitute a basic objective in students' learning (Campanario, 2002; Garret, 1988). 
Consequently, problem solving is one of the most frequently used tools for summative evaluation, both inside and 
outside the classroom (external evaluations). There are also many examples of research on alternative ideas of 
students who use problems as a privileged context to “jump start” their scientific reasoning. For these reasons, 
problem solving has been a primary field of research in science teaching for some time (Gil, Carrascosa, Furío, & 
Martínez-Torregrosa, 1991). Therefore, in the first handbook of research in teaching and learning sciences, six out 
of nineteen chapters address problem solving in science (Gabel, 1994). Many articles (Ashmore, Frazer, & Casey, 
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1979; Cooper, Cox, Nammouz, Case, & Stevens, 2008; Cracolice, Deming, & Ehlert, 2008; Domin & Bodner, 2012; 
Noh, Jeon, & Huffman, 2005) and books have been published at the international level, including some in Spanish 
(Carrascosa & Martínez, 1997; Perales, 2000), and many doctoral theses are dedicated to this topic (Martínez-
Torregrosa, 1987; Ramírez, 1990; Varela, 1994). This scenario shows that much effort has been expended in science 
teaching and related fields, particularly psychology, to explore the complex process of problem solving and obtain 
conclusions applicable to teaching and learning. In reviewing the recent history of research in this field, it is obvious 
that over previous decades, several theoretical and methodological influential changes have occurred (Good & 
Smith, 1987). These changes, which are closely related to one another, can be divided into the following: changes 
regarding the type of problems that are analysed (what is a good problem for the research/learning of science), 
changes regarding the context in which the research is conducted (what is good problem-solving for a science 
problem) and changes regarding the psychological theories underlying these studies (how we think about learning 
how to solve chemistry problems).  
2. Learning-oriented problems: some suggestions for their analysis and implementation  
Solving problems as a learning strategy entails rethinking the problems as learning-oriented problems, namely, 
problems that enable new knowledge to emerge. The problems must be authentic (Garret, 1988), i.e., problems that 
raise good questions that stimulate student reflection, so students can understand, share and reformulate in their own 
words (Roca, 2008). The students must have the opportunity to practice problem-solving strategies; therefore, the 
problems must be solvable by students working independently (while having access to the teacher's help), namely 
problems that represent an attainable challenge (they belong to the student's zone of proximal development – ZDP). 
These problems should not include any “traps” that only excellent students or those who know the rules of the 
“academic game” can overcome. Instead, the problems must be tasks that facilitate knowledge building. Finally, the 
problems must be relevant to students in the context of science learning, i.e., problems that are relevant to the 
subject. Therefore, problems must be related to global problems that are interesting to experts, as these problems are 
also used for learning how to become a scientist. In short, problems must stress the key ideas of the programmes, 
account for students' previous knowledge (in content and procedures) and raise good questions.  
 
If we opt for this type of problem, the method to understand the challenges faced by students and teachers 
changes dramatically. Students must realise that, because of their formative and pedagogical goal, there is no point 
in attempting to memorise solutions or copy those of their neighbour. Preparing for an exam should not be a 
repetition of problems that have previously been solved by the teacher, a classmate or in the book, thus trying to 
memorise the mechanisms of resolution without understanding them. Teachers are faced with a major challenge: 
inventing new problems whose topic represents the desired lesson and that students can interpret (at least partially) 
using the knowledge they previously possess. In this manner, with the teacher's help, classmates' help or help from 
the guide to the specific problem, students may apply this knowledge when answering questions raised by the 
situation. Moreover, problems aimed at learning must teach students how to explicitly solve them, particularly in a 
heuristic manner. Problems must also link the theoretical models specific to the subject instead of only resorting to 
routine mechanisms that prevent reflection. How do we develop these learning-oriented problems? How do we 
know if a problem is good for learning?  
 
2.1. What are the characteristics of learning-oriented problems? A philosophical approach based on Stephen 
Toulmin 
In the previous example, we observed that emphasising the essential “chemical idea” to which the formulation 
refers and orienting the calculations towards it makes the problem much more interesting. By attempting to 
generalise this idea, we realise that the important component of a problem is that it should bring the student to the 
boundary between what he or she knows and what should be learned so that the effort made to solve the problem 
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contributes to the emergence of the new type of knowledge that is being studied in class. Therefore, the students' 
knowledge changes as a result of solving the problem in an identical manner as, according to Toulmin and other 
scientific philosophers, disciplines change their inherent problems are solved. Toulmin (1972) considers that 
scientific knowledge evolves from the resolution of problems. The moving force behind the evolution of science is 
the identification of problems, and these problems are the result of the difference between the exposition of subject 
ideals and what can actually be performed in a given moment (see Figure 1).  
 
 
abilitiesectationsoblems += expPr  
 
Figure 1. Basics of problems 
 
 
This idea from the philosophy of science appears appropriate because a good problem that helps students learn 
science and results in the evolution of knowledge could also be characterised in this manner. Currently, problems 
aimed at learning should be solvable; in an identical manner that science progresses by reaching particular 
explanatory ideals (the expectation of solutions to questions that are raised), the students' goal is to learn the science 
taught at school. However, the problems in science class should not necessarily be identical to those in scientific 
research. By contrast, the form of science taught in schools and its specific problems does not reproduce the 
dynamics of science considered throughout history (Izquierdo, Sanmartí, & Espinet, 1999; Izquierdo-Aymerich, 
2003). The problems raised in science class must be adapted to the students' abilities and the specific purposes and 
contents of teaching for each school level that students pass through.  
 
Toulmin identifies five types of conceptual problems that are usually encountered in the sciences and three 
distinct mechanisms of resolution. Consequently, he considers that there are fifteen potential conceptual variants 
related to the resolution of a problem. Using Darwin's Theory of Evolution as an analogy for the evolution of 
knowledge, Toulmin considers that these new emerging concepts can only be consolidated if they find an adequate 
“niche”, namely, if the scientific community incorporates these concepts into the corpus of institutionalised 
knowledge and diffuses them through scientific communication and school teaching. Therefore, according to 
Toulmin, new subjects emerge and existing ones evolve.  
 
According to Toulmin, the five types of problems are the following:  
1. Extending our current explanatory processes to new phenomena. There are always natural phenomena that 
we can reasonably assume that we will be able to explain but for which there are no existing processes.  
2. Improving our explanations of specific phenomena. There are always some phenomena that can only be 
explained to a certain point but not in a completely satisfying way.  
3. Integrating ideas within identical branches of science. These are problems that are raised when considering 
the mutual relevance of various concepts that coexist within one scientific branch.  
4. Integrating ideas from different disciplines within a single discipline. Occasionally, the concepts within one 
discipline can be extended and successfully applied to others.  
5. Resolving conflicts between scientific and non-scientific ideas. These problems emerge as a consequence 
of conflicts between current concepts and processes, particularly as a result of current scientific and popular 
ideas and people's behaviour in general.  
 
According to Toulmin, in order to solve these five main typologies, sciences have three major mechanisms of 
resolution at their disposal that are interdependent: 
a) Improving representation (theoretical models). 
b) Introducing new systems of communication (new languages, graphic symbolism or mathematics). 
c) Refining the methods of experimental intervention in phenomena (applications, processes, technology, 
etc.). 
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The three mechanisms of solution are related to the fact that to answer a question (solve a problem), one has to 
understand the context that it stems from, which is characterised by how the phenomenon is represented, in what 
language the intervention of this phenomenon is expressed and the applications that can be provided to these 
interventions. The five types of problems and three resolution processes that Toulmin mentions give us ideas and 
resources to design authentic problems aimed at learning that may trigger the process of modelisation in school 
science because they present situations in which “good questions” can be raised, i.e., those that draw the student's 
attention towards the main questions he or she must answer to understand “where the problem lies”. The following 
paragraphs show that accounting for the five types of problems helps us review how problems tend to be presented. 
  
Table 1. Examples of problems 
 
Formulation Image 
1. We have 1 [g] of iron wool in a capsule, which is heated by a Bunsen 
burner until it becomes incandescent. Its aspect gradually changes: it 
loses flexibility, and we are left with black dust in the end. We are 
assuming that a chemical change has occurred, as evidenced by the 
fact that the mass has increased and is now 1.2 [g]. What is this black 
dust? Which substances have intervened in the change?  
 
 
 
2. We have 1 [g] of iron wool, and we moisten it and place it at the 
bottom of an inverted test tube in water. After some time, the iron has 
changed into iron hydroxide. Explain how this change has occurred and 
write the chemical equation corresponding to this process. Is it possible 
that the iron mass may have changed? Explain.  
 
Compare the changes described in problems 1 and 2.  
 
 
 
 
 
According to Toulmin, the five types of problems that trigger change in subjects are related to the modelisation 
process specific to the academic scientific activity, centred on the resolution of authentic and contextualised 
problems. Some of these types of problems, which coincide with more traditional problems in science classes, raise 
questions specific to the subject and topic under study: these are problem types 1, 2 and 3. Their relation to the 
modelisation process is obvious. Type 1 problems are raised in the context of one of the subject’s theoretical 
models, and the problematic “case”, which must be explained by solving the problem, is the “fact” that must be 
regarded as a component of the model. Type 2 problems stress the argumentation that explains why a fact is part of 
or justified in terms of the components of the model. Type 3 problems address the relationship between components 
of the model, which in turn, can only be understood if the relevant relationships between various facts or 
paradigmatic examples of the model are established. However, a large number of these problems (that we may call 
“real” because they are related to episodes that students know, have experimented with and can explain) belong to 
more than one subject simultaneously: these are type 4 and 5 problems. Type 4 problems combine concepts from 
more than one subject and require an “ad hoc” perspective or Theoretical Model, which may result in providing 
meaning to the question raised in the problem; these problems are interesting because they allow for developing 
criteria to select adequate knowledge and critical thinking. Type 5 problems raise conflicts with the social use of 
knowledge.  
3. Conclusions 
Problem solving has been closely related to examinations for a long time. Examinations represent a method to 
determine whether students should pass the class or retake it. However, we observed that succeeding in solving a 
certain type of problem (quantitative, decontextualised, referring to situations that are hardly relatable for students, 
etc.) does not improve the student’s skill to solve new problems or think in a scientific way. These considerations 
2197 Cristian Merino-Rubilar et al. /  Procedia - Social and Behavioral Sciences  116 ( 2014 )  2193 – 2197 
have led to a new method to approach the resolution of problems: making them more authentic and more relatable to 
students and their real knowledge and relating them to language, scientific experimentation and importantly, the 
modelisation process, which must lie at the heart of academic scientific activity.  
 
Toulmin's ideas have inspired us in the process of designing science at the university level and orienting and 
assessing the results obtained by the students. We must keep exploring the possibilities provided by the fifteen 
conceptual variants that Toulmin identified to invent problems that make use of all possibilities to trigger the 
emergence of new knowledge in science classes, which is the result of a common, scientific effort from teachers and 
students who face authentic problems in the context in which they live and hope to obtain a job.  
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